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Abstract 
This work examines the operation of a residential building-integrated micro-cogeneration system during the heating season by 
means of a dynamic simulation software. A wide sensitivity analysis was carried out by considering the influence of the climatic 
conditions, the size of the combined storage tank and the micro-cogeneration device control logic. The energy, environmental 
and economic performances of the alternative system were analyzed according to the Italian scenario and compared with those of 
a conventional system based on separate energy production in order to estimate the potential benefits. 
© 2015 The Authors. Published by Elsevier Ltd. 
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1. Introduction
The energy consumption of buildings significantly contributes to the overall European energy demand. Presently,
this consumption is mainly due to the heating demand and is expected to grow significantly in the next years as a 
consequence of the significant increase of the air conditioning market [1]. Therefore the achievement of 
sustainability in the building sector necessitates a tremendous effort to reduce energy demand and boost energy 
efficiency of energy production systems. There is a wide range of options on the supply side for the combined 
provision of home electricity and heating; among these options, micro-cogeneration is a well-established technology 
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and its deployment was considered by the European Community as one of the most effective measures to save 
primary energy as well as reduce greenhouse gas emissions [2]. The distributed generation nature of this technology 
has also the potential to reduce losses due to electrical transmission and distribution inefficiencies as well as alleviate 
utility peak demand problems. Micro-cogeneration devices are especially interesting for both the small and medium 
family house markets as well as small buildings and small and medium scale enterprises [3]. The opportunity to use 
MCHP systems depends strongly on factors such as heat and power demand variations, control modes, the capacity 
and efficiency of the residential cogeneration system. For these reasons, studying and evaluating the performance of 
different systems under different operating conditions is mandatory in order to rank these systems among other 
potential supply systems. In most cases, the simulation results [4, 5] were used to compare the cogeneration-based 
systems with conventional systems from energy, environmental and economic point of views. 
In this paper, the performance of a Building-Integrated micro-Cogeneration System (BICS) was simulated by 
using the whole-building dynamic simulation software TRNSYS [6], widely used in literature to evaluate the energy 
performance of buildings upon varying the operating scenarios [5, 7-11]. The system under investigation is devoted 
to satisfying the electric demand, space heating load and domestic hot water requirements of a multi-family house 
composed of three apartments compliant with the Italian Law [12] in terms of transmittance values of both the walls 
and windows. The plant basically consists of a natural gas-fuelled micro-cogeneration device, a natural gas-fired 
boiler producing the auxiliary thermal energy, and a combined storage tank for both heating purposes and domestic 
hot water production. A comprehensive sensitivity analysis was performed upon varying: (i) the size of the 
combined storage tank (three different volumes were investigated), (ii) the Italian city where the building is located 
(three different cities representative of three different climatic regions of Italy were considered), (iii) the micro-
cogeneration device control logic (both electric load-following and thermal load-following control strategies were 
investigated). Simulations were carried out during the heating period imposed by the Italian Law [13]. The simulated 
performance of the alternative system was also compared with those of a conventional system from energy, 
environmental and economic point of views. The comparison was performed according to the Italian scenario. 
2. Description of the alternative micro-cogeneration system
Figure 1 shows the scheme of the system configuration analyzed in this study. The whole plant consists of a
micro-cogeneration device (MCHP), an auxiliary boiler (BOILER), a combined storage tank (TANK) with three 
internal heat exchangers (IHE1, IHE2, IHE3), a plate-fin heat exchanger (PHE), three pumps (P1, P2, P3), three 
thermostats (T1, T2, T3), two 3-way valves (V1, V2), two flow diverters (D1, D2), and a group of fan-coils installed 
in the building.  The system under investigation is devoted to satisfying the space heating sensible load, the domestic 
hot water requirements and the electric demand related to the heating season of a multi-family house composed of 
three floors. The heating purposes and domestic hot water production are satisfied by heating up the water contained 
within the tank. The MCHP system and natural gas-fired boiler co-operate in order to guarantee a given water 
temperature level (55 °C) within the hot water storage.  
Fig. 1. Scheme of the alternative system analyzed in this study. 
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The group of fan-coils is supplied by the combined tank. According to the European Standard EN12831:2003 
[14], 20 °C was assumed as set-point indoor air temperature. Domestic hot water is produced by means of the 
internal heat exchanger IHE3 located in the tank; in the case of the temperature of the water exiting IHE3 is lower 
than 45°C, the required additional heat is provided by the auxiliary natural gas-fired boiler and transferred to the 
domestic hot water by means of the plate heat exchanger PHE. The generated electricity by cogeneration device is 
used directly into the building for the lighting systems, domestic appliances, auxiliaries or is exported to the electric 
grid; the electric grid is also used to cover peak demand. Each component of the whole system was simulated using 
the software TRNSYS [6]. The combined tank for both heating purposes and domestic hot water production was 
modelled in this study by means of the Type60f included in the TRNSYS library according to the manufacturer data. 
The whole system operation with three different commercially available hot water storages [15] characterized by 
different sizes were considered: TANK1 by a volume equal to 0.855 m3, TANK2 by a volume equal to 0.738 m3 and 
TANK3 by a volume equal to 0.503 m3. The reciprocating internal combustion engine-based micro-cogeneration 
unit commercialized by AISIN SEIKI company [16] was investigated in this study. The MCHP unit is characterized 
by 6.0 kW as the nominal electrical output and 11.7 kW as the nominal thermal output. The cogeneration unit was 
simulated by using a detailed dynamic model [17, 18] calibrated and validated on the basis of several laboratory 
tests performed by the authors [19]. The MCHP model is able to accurately predict the thermal and electrical outputs 
during both full and part load conditions [19]. A 20.0 kWth natural gas-fired boiler [20] was considered in this study. 
The boiler was modelled in TRNSYS by using the Type6 included in the TRNSYS library and assuming the 
efficiency values ηB-AS suggested by the manufacturer. The auxiliary heater [20] is activated only in the case of (i) 
the water temperature in the tank (sensed by the thermostat T2 in Figure 1) is lower than a given set-point value 
Tset,T2 (55°C), or when (ii) the domestic hot water temperature at the outlet of the internal heat exchanger IHE3 
(sensed by the thermostat T3 in Figure 1) is lower than 45°C. According to Italian Law [13], Italy is considered as 
divided in 6 different climatic zones named “A” (warmest area), “B”, “C”, “D”, “E” and “F” (coldest area) based on 
the Heating Degree Days (HDD) index [21]; in order to investigate the influence of climatic conditions on system 
profitability, a comprehensive sensitivity analysis was performed by considering the multi-family house located in 
three different Italian cities that are to be considered as representative of three different climatic regions of Italy: 
Palermo (climatic zone B), Naples (climatic zone C) and Milan (climatic zone E). Both duration of the heating 
season and maximum daily operation time of the heating system were assumed according to [13] depending on the 
climatic zone where the building is located. The geometrical layout of the building investigated in this paper is 
basically a superposition of three floors with the same useable floor area (96.0 m2) and a net height of each floor 
equal to 3.0 m; five windows were considered for each floor. The transmittance values of the walls and windows are 
equated to the given threshold values required by the Italian Law [12]: this result was obtained by adjusting the 
building insulation upon varying the climatic zone. For each single flat, a daily electric demand profile resulting 
from the operation of both lighting systems and other domestic appliances was assumed. The electric demand profile 
considered in this study corresponds to an electric consumption for the whole building equal to about 109.7 Wh/m2
per day according to [22]. The internal gains coming from occupants, personal computers and lighting appliances for 
the whole building were generated through the superposition of three single flat profiles. A one-minute simulation 
time step was used. 
3. Description of the conventional system
The main focus of this study is to compare the performance of the Alternative System (AS) based on a micro-
cogeneration device with those of a Conventional System (CS) based on separate energy production. In the 
following, a conventional system composed of a natural gas-fired boiler (for thermal energy production) and a 
power plant connected to the electric grid (for electricity production) is considered. The comparison between the 
alternative system and the conventional system was performed in terms of primary energy consumption, equivalent 
carbon dioxide emissions and operating costs. A 32.0 kWth boiler [20] was selected for the thermal energy 
production in the conventional system. A nominal thermal output of the boiler larger than the maximum thermal 
output of the alternative system (31.7 kW) was selected. The boiler efficiency of the conventional system ηB-CS was 
evaluated according to the manufacturer data [20]. Concerning the efficiency of the power plant connected to the 
1144   Giovanni Ciampi et al. /  Energy Procedia  78 ( 2015 )  1141 – 1146 
national electric grid ηPP, a figure of 0.461 was assumed: this value represents the power plant average efficiency in 
Italy, including transmission losses [23]. 
4. Energy, environmental and economic comparison: methodology and results
In this section, the energy, environmental and economic performance of the alternative system were evaluated
according to the simulation results and compared with those associated to the conventional system upon varying the 
combined tank volume (TANK1, TANK2, TANK3), the Italian city where the building is located (Palermo, Naples 
and Milan), as well as the MCHP control logic (electric load-following strategy and heat-led control logic). The 
primary energy consumptions associated to the alternative system Ep-AS and the conventional system Ep-CS were 
calculated by using the following formulas: 
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where the Ep,MCHP-AS, Eth,B-AS and Eel,grid-AS represent, respectively, the simulation values of primary energy 
consumption associated to the MCHP system, the thermal energy associated to the boiler of the alternative system 
and the electrical energy derived from electrical grid; the values of Eth,MCHP-AS and Eel,MCHP-AS are, respectively, the 
thermal and electrical energy produced by the MCHP system obtained from simulations. 
Figure 2a reports the values of Ep-AS as a function of city, control logic and tank size. This figure highlights how: 
- whatever the tank size and the MCHP control logic are, the largest values of primary energy consumption are
obtained when the building is located in Milan, while the lowest values of primary energy consumption are
reached when the city under consideration is Palermo (this is due to the fact that the heating load and the
operation time of the alternative system located in Milan are both larger those associated to the city of
Palermo); the percentage difference between Palermo and Milan in terms of Ep-AS ranges from 46.1% and
55.6% depending on the MCHP control logic and tank size;
- whatever the city is, the thermal load control operation allows to reduce the primary energy consumption if
compared to the electric load-following strategy for a given size of the tank; given the city and the tank size,
the percentage difference between the control strategies in terms Ep-AS ranges from 0.8% and 20.8%;
- given the city and the MCHP control logic, the tank with the largest volume (TANK1) allows to minimize
the total primary energy consumption of the alternative system, while the tank with the intermediate volume
(TANK2) is characterized by the largest total primary energy consumption; given the city and the MCHP
control logic, the percentage difference between TANK1 and TANK 2 in terms Ep-AS ranges from 3.4% and
15.6%.
Similar results have been obtained in terms of equivalent CO2 emissions and operating costs. 
In order to calculate the energy saving associated to the utilization of the alternative system instead of the 
conventional system, the following indicator, named Primary Energy Saving (PES), was used: 
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The alternative system is potentially able to provide significant benefits in comparison to the conventional system 
also from an environmental point of view. In this paper, the assessment of the pollutant emissions was performed in 
terms of equivalent CO2 emissions through an energy output-based emission factor [24]. According to the Italian 
scenario, in this study, the equivalent CO2 emissions for a primary energy unit consumed by burning natural gas 
μCO2-Ep was assumed equal to 200 gCO2/kWhp, while the equivalent CO2 emissions per unit of electric energy μCO2-Eel
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was assumed equal to 525 gCO2/kWhel. The alternative and conventional systems were compared from an 
environmental point of view by using the following parameter: 
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In addition to the energy and environmental analyses, the economic comparison between the alternative and 
conventional systems was also performed in terms of operating costs through the following formula: 
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where LHVng is the Lower Heating Value of natural gas (assumed equal to 49.6 MJ/kg), ρng is the density of 
natural gas (assumed equal to 0.72 kg/m3), UPng is the unit cost of natural gas, UPEel,buy is the unit cost of electric 
energy bought from the grid and UPEel,sell is the unit revenue for the electric energy sold to the grid. The updated 
Italian tariffs and incentives associated to both natural gas consumption and electric energy purchased or fed into the 
grid were taken into account. A positive value of the indicators PES, ΔmCO2 and ΔOC means that the alternative 
system is more convenient in comparison to the alternative system from an energetic, environmental or economic 
point of view, respectively. Figure 2b reports the values of PES, ΔmCO2 and ΔOC upon varying the climatic 
conditions in the case of the TANK1 and thermal load control logic is used. The values associated to the operation 
with TANK2 and TANK3, as well as under the electric-load following strategy, are not reported in Figure 2b 
according to the results obtained and described in Figure 2a. The data reported in Figure 2b show that: 
- whatever the city is, the indicators PES, ΔmCO2 and ΔOC are always positive. This means that, if compared to
the conventional system, the MCHP system allows to reduce the primary energy consumption (from 3.1% up
to 6.5%), the equivalent CO2 emissions (from 7.9% up to 12.8%) and the operating costs (from 14.8% up to
29.9%);
- the best energy, economic and environmental performances are obtained when the building is located in
Milan, while the lowest values of  PES, ΔmCO2 and ΔOC are associated to the climatic conditions of Palermo.
This is mainly due to the fact that (i) the ratio between the electric energy produced by the MCHP unit and
the total electric energy consumption is around 74.0% in the case of Milan and around 51.0% for Palermo,
respectively, and (ii) the electric energy fed to the grid in the case of Milan (3.17E+06 kJ) is much larger if
compared to the case of Palermo (2.54E+06 kJ).
6. Conclusions
In this paper, the performance of a building-integrated micro-cogeneration system during the heating season was
simulated and compared with those of a traditional system upon varying the tank’s size, the climatic conditions and 
the control strategies. The comparison showed that: (1) climatic conditions significantly affect the results (the best 
performance is obtained when the building is located in Milan); (2) given the city and the MCHP control logic, the 
hot water tank with the largest volume allows to obtain the best results; (3) whatever the city is, the MCHP control 
strategy based on the heat demand is more convenient with respect to the electric load following operation for a 
given tank size; (4) in the case of thermal load following logic, the alternative system allows to reduce the primary 
energy consumption (up to 6.5%), the equivalent CO2 emissions (up to 12.8%) and the operating costs (up to 
29.9%) with respect to the reference system. 
1146   Giovanni Ciampi et al. /  Energy Procedia  78 ( 2015 )  1141 – 1146 
Fig. 2. (a) Values of Ep-AS (kJ) as a function of the tank volume, the city and the MCHP control logic; (b) values of PES, ΔmCO2 and ΔOC in the 
case of TANK1 and thermal load control logic are used. 
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